Abstract Endovascular treatment of intracranial aneurysms with complex morphologies such as giant, wide-necked, or fusiform aneurysms is challenging. Stent-assisted coiling and balloon-assisted coiling are alternative techniques to treat such complex aneurysms, but studies have shown less-thanexpected efficacy, as suggested by their high rate of recanalization. The management of complex aneurysms via microsurgery or conventional neuroendovascular strategies has traditionally been poor. However, over the last few years, flowdiverting stents (FDS) have revolutionized the treatment of such aneurysms. FDS are implanted within the parent artery rather than the aneurysm sac. By modifying intra-aneurysmal and parent-vessel flow dynamics at the aneurysm/parent vessel interface, FDS trigger a cascade of gradual intraaneurysmal thrombosis. As endothelialization of the FDS is complete, the parent vessel reconstructs while preserving the patency of normal perforators and side branch vessels. As with any intervention, the practice and application of flowdiversion technology is inherent, with risks that include vessel rupture or perforation, in-stent thrombosis, perforator occlusion, procedural and delayed hemorrhages, and perianeurysmal edema. Herein, we review the devices, their mechanisms of actions, clinical applications, complications, and ongoing studies.
Introduction
The worldwide prevalence of intracranial aneurysms is estimated to be between 5 % and 10 %, and the incidence of reported ruptured aneurysms is about 10 in every 100,000 persons per year (about 30,000 individuals per year in the USA). Ruptured aneurysms occur most commonly in people aged between 30 and 60 years. Not all cerebral aneurysms rupture, and some small aneurysms may be monitored for growth or onset of symptoms. Furthermore, aggressive management of coexisting medical problems and risk factors such as hypertension may preclude the need for intervention in certain situations. Each case is unique, and considerations for treating an unruptured aneurysm include features of the aneurysm such as type, size, and location, risk of rupture, the individual's age and general health, personal and family medical history, and the risks of intervention. Traditionally, 2 interventional options have been available for treating cerebral aneurysms: microvascular clipping and endovascular coil embolization, both of which carry some risk to the individual, such as vessel damage, aneurysm recurrence and rebleeding, and postoperative stroke.
Despite advances in early detection and interventions of aneurysmal subarachnoid hemorrhage (SAH) in the neurocritical care setting, SAH continues to be associated with high morbidity and mortality. These high mortality rates are further emphasized by the fact that 10 % of these patients die prior to reaching the hospital, 25 % die within 24 h of SAH onset, and 45 % die within 30 days [1] .
For decades, microsurgical clipping of an intracranial aneurysm was considered the standard of care in patients who undergo definitive therapy. The International Subarachnoid Aneurysm trial (ISAT) was a sentinel study that challenged the therapeutic monopoly of microsurgical clipping and changed the landscape of traditional management of intracranial aneurysms [2, 3] . Since then, endovascular embolization of intracranial aneurysms has been integral in the management of both ruptured and unruptured aneurysms.
Still, many aneurysms such as giant, wide-necked (aneurysms with a dome-to neck ratio of < 2), and fusiform are considered more challenging and less amenable to traditional endovascular coil embolization [4] . Stentassisted coil embolization and balloon-assisted coil embolization were alternative techniques developed to deal with such complex aneurysms, but studies have shown less-than-expected efficacy given high rates of recanalization [4, 5] .
Recently, flow-diverting stents (FDS) have become viable options for many of these complex aneurysms, which were previously considered unamenable to prior treatment techniques [6, 7] . Here, we review the current state of FDS, their mechanisms of action, clinical applications, updates, efficacy, and complications for the treatment of intracranial cerebral aneurysms [8] .
Mechanism of Action and Flow Dynamics
The mechanism of action of FDS is based on 2 concepts: the disruption of blood flow from the parent artery into the aneurysm, and provision of a scaffold on which endothelial cells can grow and therefore isolating the aneurysm from the parent artery [8] . Flow diversion reduces the blood flow across the aneurysm neck by altering flow dynamics both across and within the cerebral aneurysm, leading to thrombosis. Additionally, FDS promote endoluminal neointimal growth, causing parent vessel reconstruction while eliminating the aneurysmparent vessel interface [9, 10] . Following deployment of the FDS, the aneurysm begins to thrombose, and subsequently shrinks and collapses around the deviceconstruct [11] . Over the ensuing 6-12 months, as endothelialization progresses and aneurysmal thrombosis continues, the parent vessel is reconstructed with eventual aneurysmal occlusion (Fig. 1) [7, 12, 13] .
The metallic surface area coverage of FDS is approximately 30-50 % of the total surface area of the aneurysm neck and the porosity is 60-76 % compared with 89 % porosity in stents used in stent-assisted coiling. This optimal balance between porosity and pore density allows for the preservation of perforators and small branches, while achieving aneurysmal thrombosis, reduction in rupture risk and recanalization rates of treated aneurysms.
FDS are designed to provide sufficient coverage across the aneurysm neck to exclude the lesion from circulation but to be porous enough to preserve the patency of any branch vessels covered by the construct through the interstices of the device [14] [15] [16] . One of the hallmarks of flow diversion is the reduction of inflow into an aneurysm, while maintaining flow to normal vasculature [17] [18] [19] . Additionally, they can be safely deployed across the ostium of a branching artery (i.e., anterior choroidal or ophthalmic arteries), and the flow-demand for normal tissue perfusion will generate a pressure gradient sufficient to maintain anterograde flow through the stent wall [20] . 
Devices and Intraprocedural Techniques Pipeline Embolization Device
The pipeline embolization device (PED; ev3/Covidien, Irvine, CA, USA) is Conformité Européenne (CE) marked and is the only flow-diversion stent that has been approved by the Food and Drug Administration (FDA) for use in the USA. The PED is made of 25 % platinum and 75 % nickel-cobalt-chromium alloy and has a porosity of 65-70 %.
The single-arm Pipeline for Uncoilable or Failed Aneurysms study (PUFS) established the safety and efficacy profile of the first-generation PED [11] . This study enrolled patients with aneurysms of the internal carotid artery (ICA) from petrous through superior hypophyseal segments that were > 10 mm in diameter with a neck that was > 4 mm in diameter. The aneurysms were either unamenable to, or had failed, endovascular coiling. The trial showed that the aneurysm occlusion rate was 73.6 % at 6 months, and the major complication rate, including ipsilateral stroke or neurologic death, was 5.6 % ( Table 1) . Technical device deployment success rate was 99 % [11] .
Another multicenter, prospective, single-arm study, The Pipeline Embolization Device for the Intracranial Treatment of Aneurysms trial (PITA) studied the application of PED in wide-necked aneurysms > 4 mm, with a dome/neck ratio < 1.5, or had failed previous therapy [12] . In this trial, the aneurysm occlusion rate was 93.3 %, and there were no deaths. Ischemic stroke occurred in 6.5 %. Other large, clinical, multicenter trials, such as the International Retrospective Study of the PED, a multicenter aneurysm treatment study (IntrePED), showed comparably high rates of complete occlusion of aneurysms of the ICA and a reasonably low rate of major safety events [28] .
A recent systematic review on the clinical outcomes of PED used in the treatment of 905 patients with 1043 aneurysms showed that the cumulative mortality rate was 2.3 % [29] . The risk of ischemic strokes and transient ischemic attacks were 1.9 % and 2.0 %, respectively, and 2.3 % of patients had intracranial hemorrhage. The 6-month aneurysm occlusion rate was 79.7 %. The authors concluded that the complication and mortality rates associated with PED may be similar to other contemporary endovascular techniques, with a better 6-month aneurysm occlusion rate [29] .
The second-generation PED, named Pipeline Flex (ev3/ Covidien), received the CE Mark of approval in March 2014 and subsequently received FDA approval in February 2015. A prospective, single-center study of 44 cases reported a 98 % success rate, with no procedural complications. There was a 4.5 % incidence of postoperative complications [30] . Unfortunately, to date, long-term follow-up data on aneurysm occlusion rates using PED are currently lacking.
Currently, the PED is the only FDS that is FDA-approved for use in the USA for treatment of aneurysms originating from the petrous through superior hypophyseal segments of the ICA that measure > 10 mm in diameter with a neck measuring > 4 mm in diameter. There are no FDS that are cleared for use in the posterior circulation. Additional FDS are CE marked, as described below.
SILK FDS
The SILK FDS (SFD; Balt Extrusion, Montmorency, France) is a closed-cell mesh cylinder comprised of 48 braided nitinol strands and 35-μm platinum microfilaments resulting in a high coverage of approximately 35 % [31] . It has a porosity of 45-60 %. An advantage of the SFD delivery system is that it can be resheathed and repositioned at up to 90 % deployment [21] .
The SFD was CE Mark-approved in 2008 for intracranial circulation use in Europe but is currently available for clinical use in the USA. A multicenter registry of consecutive patients treated with SFD enrolled 92 patients with 103 aneurysms [22] . The overall deployment success rate was 96 % with a postprocedural SAH and device-related deaths of 3.8 % and 2.2 %, respectively. The median follow-up for the entire cohort was 1 year (range 0.25-2 years), with an overall mortality rate of 4.3 % and permanent morbidity of 8.7 % (Table 1) . Residual filling of the aneurysm was seen in 13 patients (16.9 %) [22] . Other studies on the second-generation SILK+ stent described improved safety and efficacy profiles both during the periprocedural phase or at follow-up [32] .
In a meta-analysis of prospective and retrospective studies using SFD, ischemic complications and parent artery occlusion each occurred in 10 %, and the aneurysm rupture rate was 3.5 %, while the cumulative mortality was 4.9 %. The 12-month aneurysm occlusion rate was 81.8 % [33] .
Although high-quality studies are limited, a meta-analysis comparing SFD with PED showed comparable rates of procedure-related and device-related complications, as well as comparable clinical outcomes, including mortality. However, a comparison of aneurysm occlusion rate of PED versus SFD was not elucidated [34] .
Surpass FDS
The Surpass FDS (Stryker Neurovascular, Fremont, CA, USA) is a cobalt-chromium, low porosity, self-expanding, tubular-shaped, braided mesh stent [20] . It was CE Markapproved in Europe in 2011 and is available in the USA under an investigational device exemption.
Surpass has a low porosity of 70 % and a uniformly distributed high pore density of 21-32 pore/mm 2 that remains constant, regardless of the stent diameter [23] . Unlike other FDS, the manufacturer does not recommend telescoping multiple devices or deploying multiple stents within the same vessel segment. This allows preservation of perforator and side branch vessel patency [23] .
Although prospective randomized studies are lacking, the safety and efficacy of Surpass were examined in a prospective, multicenter, nonrandomized, single-arm study of clinical and angiographic results for the treatment of intracranial aneurysms [24] . The study included aneurysms with wide necks (>4 mm), and/or dome-toneck ratios of ≤ 2, and were considered difficult to treat with current surgical or endovascular techniques. Successful flow diversion was achieved in 98 % of cases. At 6 months, neurologic death and any stroke occurred in 12 %, of which 6.2 % were due to hemorrhage. Permanent neurologic morbidity and mortality were seen in 6.0 % and 2.7 %, respectively. Follow-up angiography was available in 86.8 % of the subjects, revealing complete occlusion in 75 % (Table 1 ) [24] .
The Surpass IntraCranial Aneurysm Embolization System Pivotal Trial (SCENT; Stryker) to treat large or giant wideneck aneurysms is an ongoing, prospective, multicenter, single-arm trial designed to examine efficacy and safety of the Surpass FDS for FDA approval. Patients being enrolled have aneurysms ≥ 10 mm with a ≥ 4 mm neck located on the ICA to the level of the terminus [35] .
Flow Redirection Endoluminal Device System
The flow redirection endoluminal device system (FRED; MicroVention, Tustin, CA, USA) is a next-generation, closed-cell, paired-stent flow diversion device and is currently CE-Marked in Europe. FRED has a unique integrated dual-layer (stent-within-a-stent) design with an outer, high-radial force stent and an inner, low-porosity, flow-diverting mesh composed of 48 braided nitinol strands. FRED can be resheathed after up to 50 % deployment. This compliant closed-cell device is designed to allow simultaneous deployment and retrieval by a single operator.
A small, single-center observational clinical study examined the safety and efficacy of FRED in the endovascular treatment of aneurysms with a fundus-toneck ratio < 2 or neck diameter > 4 mm, fusiform, dissecting, or giant aneurysms [25] . Deployment was technically successful in all cases. The primary end point of safety was reached in 26/29 patients (90 %); in the 3 remaining patients, 1 developed a disabling ischemic stroke and 2 developed minor strokes with complete recovery at follow-up. At 3-month follow-up, complete occlusion was achieved in 56 % of patients, and by 6 months 73 % had complete aneurysmal occlusion (Table 1 ) [25] . The Pivotal Study is an open label, prospective trial that is currently enrolling patients to establish the safety and efficacy of the FRED stent system in the management of intracranial aneurysms [36] .
p64 Flow Modulation Device
The p64 flow modulation device (Phenox, Bochum, Germany) is one of the newer FDS and received the CE Mark of approval in 2012. The p64 device is a fully resheathable, detachable FDS in the form of a braided mesh tube, composed of a 64 nickel-titanium alloy (nitinol) with radiopaque markers along the length of the device. It is available in sizes of 2.5-5 mm diameter and 12-36 mm length. Owing to a controlled mechanical detachment, a unique feature of the p64 device is that it can be retrieved into the microcatheter and removed or repositioned even after complete deployment, which makes the p64 stand out among other FDS [26] .
Although large-scale randomized controlled trials are lacking, a recent single-center retrospective study of the p64 FDS was recently conducted [27] . Successful deployment was achieved in 97 % of aneurysms and the rates of transient and permanent morbidity, and mortality were 5 %, 1.7 %, and 0.8 %, respectively (Table 1) [27] . Three-and 9-month angiographic follow-ups showed complete occlusion in 58.5 % and 87.7 % of aneurysms, respectively.
Ongoing Trials
FDS were initially applied to aneurysms that had failed prior therapy or to aneurysms unameanable to other treatment options. Currently, 2 major multicenter randomized clinical trials are planned to compare endovascular coiling with FDS. One is the Multicenter Randomized Trial on Selective Endovascular Aneurysm Occlusion with Coils versus Parent Vessel Reconstruction using the SILK Flow Diverter (MARCO POLO), and the other is the endovascular treatment of intracranial aneurysm with PED versus coils with or without stents (EVIDENCE) trial [37, 38] . Another trial, Flow Diversion in Intracranial Aneurysm Treatment (FIAT), comparing outcomes between flow diversion and best standard treatment (conservative, coiling or stenting), is also in the recruitment phase [33] .
FDS have the potential to address high recanalization rates seen with some types of aneurysms after coil embolization. Presently in progress is the Complete Occlusion of Coilable Aneurysms (COCOA) study, a randomized, multicenter study comparing coiling with PED for treating small paraclinoid aneurysms (aneurysm di am eter < 10 mm and neck diameter < 4 mm). The safety end points are death and ipsilateral stroke, and the effectiveness end point is assessed with 6-month complete aneurysmal occlusion [39] . Finally, flow diverters have been allowed in the endovascular arm of the International Subarachnoid Aneurysm Trial II (ISAT II) [40] . This study and observational studies might provide some evidence for flow diverter use in the setting of ruptured aneurysms.
Periprocedural and Postprocedural Management Antiplatelet Therapy
To minimize thromboembolic complications, dual antiplatelet therapy must be initiated prior to implantation of FDS. Although these regimens have not been standardized or compared head-to-head in randomized controlled trials, most studies pretreated patients for 5-7 days with aspirin 81-325 mg and clopidogrel 75 mg daily, or, in some cases, a loading dose of aspirin 325-600 mg and clopidogrel 300-600 mg is administered hours prior to the procedure [6, 7, 16, 18, 41, 42] . Dual antiplatelet therapy is typically continued for 6 months after the procedure, at which time clopidogrel may be stopped depending on angiographic and clinical results, while aspirin is typically continued indefinitely [6, 7, 16, 18, 41, 42] . In published series, thromboembolic complications, including instent thrombosis, have occurred upon stopping clopidogrel even after 3 months of follow-up [43] . Patients with stenosis after device implantation seem to be at a high risk of in-stent thrombosis upon discontinuation of clopidogrel [43] . The use of platelet aggregation tests and thromboelastography to measure medication resistance is controversial [44] [45] [46] .
The decision to use ticagrelor, ticlopidine, cilostazol, or other antiplatelet medications in patients resistant to clopidogrel undergoing flow diverter implantation is based on data that have primarily been extrapolated from the cardiology literature. The need for antiplatelet therapy also complicates the use of flow diverters for the treatment of ruptured aneurysms in the acute period [47] [48] [49] [50] .
Follow-up Imaging
Aneurysm occlusion may take up to 6-12 months after a FDS is placed as endothelialization occurs [7] . Several grading systems have been proposed to evaluate the success of the endovascular intervention, including the Raymond-Roy Occlusion classification system, the Modified RaymondRoy classification, and several others.
Digital subtraction angiography remains the gold-standard test to assess residual aneurysm filling, owing to its high temporal and spatial resolution, but it is associated with a low, albeit existing risk, given the invasive character [51] . Magnetic resonance imaging (MRI) can be used to assess aneurysm thrombosis, cerebral edema, and mass effect after flow-diverter therapy [52] . In some cases following flow diversion, hyperintense signals on fluid-attenuated inversion recovery with circumferential contrast enhancement may be seen, and these may indicate aneurysmal inflammation as a local response to flow-diverter therapy [52] .
Computed tomography angiography (CTA) is associated with lower spatial resolution and beam hardening artifact caused by metallic implants, which leads to degradation of image quality and limited utility. Flat panel detector CTA with intravenous contrast injection allows imaging of cerebrovascular anatomy with decreased contrast quantity and osmolarity, and less radiation exposure time; however, the resolution of the image remains a limiting factor. Further observational studies are necessary to clarify the role and utility of MRI and flat panel detector CTA in the follow-up of aneurysms treated with FDS.
Procedural and Delayed Complications Thromboembolic Events and Device Occlusion
Acute and delayed thromboembolic events have been reported after flow diversion. Tan et al. [53] reported thromboembolic complications in 6.8 % of patients treated with the PED for onand off-label indications. In-stent thrombosis is one of the gravest complications of flow diversion and may be encountered despite treatment with dual antiplatelet therapy or when clopidogrel is discontinued at 6 months [11, 12, 43, 54] . Patients with luminal narrowing following deployment of the FDS are at higher risk [43] . Further observational studies are necessary to clarify the incidence and risk factors for in-stent thrombosis, as are measures to reduce the risk of antiplatelet failure. Both clinically symptomatic and asymptomatic infarctions have been observed in vascular territories distant to the site of FDS deployment, and are believed to occur secondary to excessive manipulation during FDS deployment [11, 55] .
Intraprocedural Vessel Perforation/Rupture
Intraprocedural vessel perforation/rupture during flow diversion may be avoided by appropriate size selection of the flow diverter, optimal vessel wall apposition, appropriate selection of proximal and distal landing zones, and cautious interventional manipulation [12, 43, 56] . Placing multiple overlapping FDS across eloquent branches and perforators leads to a reduction in the porosity and hence should be avoided if possible [14-16, 43, 57, 58] . High-quality evidence to guide this practice is lacking, and hence the risk needs to be weighed against conservative management and other treatment options.
Perianeurysmal Edema
The potential for developing perianeurysmal edema is a complication of flow diversion that the treating physician must be cognizant of. As the aneurysm thromboses, perianeurysmal inflammation and edema develop, which may precipitate a delayed clinical aggravation of symptoms consisting of headache with exacerbation of pre-existing compressive symptoms or the appearance of new compressive symptoms. This is best evaluated using MRI, which has shown vasogenic edema and blood-brain barrier breakdown between 3 and 15 days posttreatment [52] . Perianeurysmal edema has been described with large aneurysms and in aneurysms that are in close proximity to the brain without intervening cerebrospinal fluid space [52] . The optimal preventative and therapeutic measures for this complication have not been determined. Steroids have not been systematically studied in this setting and their response has been variable [52] .
Delayed Aneurysmal Rupture
Delayed hemorrhage in the form of SAH develops in 4 % of cases [59] . Delayed SAH may occur owing to enzymatic degradation of the aneurysm wall during thrombosis [43, 60, 61] . Hemodynamic alteration to flow and altered arterial compliance of the parent vessel by flow diversion is also hypothesized to cause delayed hemorrhage [62] . Another rare complication after flow diversion for the treatment of carotid cavernous aneurysms is the delayed rupture of a cavernous carotid aneurysm leading to the development of a carotid-cavernous fistula. This was noted in PUFS and has been noted with stent assisted coiling in the past [63] .
Delayed Parenchymal Hemorrhage
Delayed hemorrhage in the form of intraparenchymal hemorrhage develops in 3 % of cases [59] . The causes of such delayed distant hemorrhages remain unclear and are still issues of debate. Perforation with the distal wire of the delivery system of the FDS may explain some hemorrhagic complications (within 48 h of the procedure) but is unlikely to explain subacute or delayed bleeding. Cerebral infarct with secondary hemorrhagic conversion due to dual antiplatelet therapy has also been suspected as a potential etiology [62, 64] .
To date, there is no consensus on the management of such delayed hemorrhages. Risks should be weighed between discontinuing antiplatelet therapy to prevent hematoma expansion, and the potential to develop in-stent thrombosis [62] .
BOff-Label^Usage of FDS
As with other new medical technologies, experience with offlabel uses continues to develop. Wang et al. [65] conducted a meta-analysis of flow diversion in posterior circulation aneurysms. In their analysis of 220 patients, the rate of complete aneurysm occlusion at 6-month angiography was 84 %. The rate of procedure-related mortality was 15 %. Significantly higher mortality rates were noted among patients with giant aneurysms and basilar artery aneurysms. Ischemic stroke rate was 11 % and perforator infarction rate was 7 %. Intraparenchymal hemorrhage rate was 4 %. Flow diversion for posterior circulation aneurysms is not FDA approved and thus should be conducted in carefully selected patients [65] .
A recent meta-analysis of endovascular treatment of ruptured blister-like aneurysms included 240 reconstructive procedures, of which 62 (25.8 %) involved FDS. Mid-to longterm occlusion was 90.8 %. Perioperative morbidity and mortality were 12.6 % and 8.7 %, respectively. Procedural complication rate was 17.0 % with an early rebleeding rate of 6.5 % [66] . Future research will likely focus on other less common off-label applications such as bifurcation aneurysms, dissecting aneurysms, and even acutely ruptured aneurysms.
Conclusions
FDS are rapidly shifting the landscape of endovascular options for the treatment of intracranial aneurysms and ushering in a new standard of care. Aneurysms that were previously deemed unamenable to endovascular therapy can now be safely treated. With continued innovation and enhancement of FDS, improved operator techniques, and antiplatelet regimens, there will hopefully be a reduction in procedure-related and delayed complications, thus widening the therapeutic spectrum for varied aneurysm morphology [67] . Awareness of these dramatic changes in the field of interventional neurology will allow the treating physicians to better advocate for their patients and to partake in the decision making process. 
